ABSTRACT
INTRODUCTION
Phosphatidylinositol transfer proteins (PITPs) are defined by the ability to transfer phosphatidylinositol (PI) between membranes (HELMKAMP et al. 1974; MCMURRAY and DAWSON 1969) . This activity is found in all eukaryotic cells examined and is essential for sustained lipid signaling, intracellular trafficking and other membrane transactions (COCKCROFT and CARVOU 2007; PHILLIPS et al. 2006b ). Functional PITPs include small soluble proteins, represented by PITPα and PITPβ in mammals (Class I); a homologous subfamily of larger, membrane-spanning proteins typified by the Drosophila retinaldegeneration B (RdgB) protein (Class II); and a non-homologous group related to yeast Sec14p (Class III). Despite a high level of sequence identity between PITPα and PITPβ, the proteins have different subcellular distributions, with PITPα distributed throughout the cytoplasm while PITPβ is concentrated at the Golgi complex (DE VRIES et al. 1995; PHILLIPS et al. 2006a) . Each of the known PITP proteins can catalyze transfer of distinct groups of related lipids, typically including inositol-phosphorylated derivatives of PI and lipids with other head groups, such as phosphatidylcholine. PITPs also present lipids to localized compartments or signaling "nanoreactors," which may provide a logic to the existence of integral membrane forms and some of the genetic properties of soluble PITPs (ILE et al. 2006 ).
The first Class I PITP mutation was identified by positional cloning of the mouse juvenile neurodegeneration mutant, vibrator (vb) . This hypomorphic allele, caused by a retrovirus insertion into an intron, has ~80% reduction in Pitpna RNA and PITPα protein (HAMILTON et al. 1997) . Homozygotes have a progressive action tremor, degenerative pathology in brainstem and spinal cord neurons, and die before sexual maturity on most genetic backgrounds (FLOYD et al. 2003; HAMILTON et al. 1997; WEIMAR et al. 1982) . Subsequent analysis of a null allele revealed both more severe neurological deficits and a peripheral requirement for PITPα activity for dietary lipid uptake and tissue ATP levels (ALB et al. 2003) . Metabolic defects seen in these knockout mice are not found in vibrator animals on the same genetic background, indicating that PITPα level rather than genetic background is the primary determinant of these peripheral and metabolic phenotypes (ALB et al. 2007) .
Genetic experiments with vibrator have identified strain backgrounds that extend survival (FLOYD et al. 2003; HAMILTON et al. 1997; WEIMAR et al. 1982) . Weimar et al. originally showed extended survival, despite persistent neuropathology, on a BALB/cBy background, but the mechanism and genetic basis remain unexplored. We described a CAST/Ei-derived locus on chromosome 19, initially designated Mvb1. Positional complementation cloning identified Mvb1 with a wild-derived Mus musculus castaneus allele of the nuclear export factor Nxf1 (FLOYD et al. 2003) . Subsequent experiments show that this modifier suppresses mutations caused by intracisternal A particle (IAP) endogenous retroviruses inserted into introns as a class, in each case by increasing the level of correctly spliced mRNA derived from the inserted allele (CONCEPCION et al. 2009 ). In the case of vibrator, the increased RNA and protein level is sufficient to attenuate tremor and neurodegeneration phenotypes substantially and to eliminate most premature lethality (FLOYD et al. 2003; HAMILTON et al. 1997) . As mutations in other components of PI signaling pathways have an overlapping range of neurological and cellular phenotypes JIN et al. 2008; NYSTUEN et al. 2001; ZHANG et al. 2007 ), identification of modulatory pathways for one may have broader importance for related mouse models and human disorders.
Here we demonstrate genetic suppression of vibrator lethality, independent of other phenotypes, in A/J mice. In contrast to Mvb1, this suppression does not alter the gross distribution of neuropathology and does not notably alter Pitpn expression level.
We identify QTL for survival of vibrator animals by recombination mapping, using both a standard nonparametric model to detect QTL with broad effect and a recently developed time-dependent model to detect QTL with time-specific effects on survival.
RESULTS
A/J strain background selectively extends vibrator survival.
We have examined vibrator mice on several genetic backgrounds with sufficient power to detect potential modifier genes. et al. 2007) . Current evidence therefore suggests a central mechanism, though this is not proved. We further recognize that these classes of mechanism are not mutually exclusive and, given that A/J-mediated survival of vibrators is multigenic, more than one mode of bypass may be relevant.
Genetic modifiers identified through activity on one gene of a pathway or network may often act on additional genes in the same pathway or on genes regulated through the same genetic mechanism (BLEWITT et al. 2005; CONCEPCION et al. 2009; MOORE et al. 1990) . From this perspective, it will be of interest to determine whether the A/J background can suppress other PI signaling mutants, such as Inpp4a (NYSTUEN et al. Fig4 (CHOW et al. 2007) and Vac14 (JIN et al. 2008; ZHANG et al. 2007) , whose phenotypic similarities include tremor, premature lethality, degenerative pathology, and intracellular trafficking defects. Utilization of the captive variation in inbred strains in this way may provide tools for either broad or selective manipulation of physiological pathways.
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MATERIALS AND METHODS
Mice and genotyping. All animals were bred in an AAALAC-accredited vivarium in accordance with protocols approved by the UCSD IACUC. Animals were maintained on 12-hour light/dark cycles and with ad libitum access to food and water. Congenic B6-vb stock has been described (CONCEPCION et al. 2009; FLOYD et al. 2003) . B6x129-Gnaq were the gift of Stefan Offermanns and Melvin I. Simon (OFFERMANNS et al. 1997a; OFFERMANNS et al. 1997b) . All other lines were obtained from the Jackson Laboratory, Bar Harbor, ME. Standard histology was performed after staining with hematoxylin and eosin. Genotyping primers for vb were: wt_for, GTGATCGGGACTTTTGTTTCC; vb_for, AACGCGTCTAATAACACTTGTG; both_rev, ACCAAAAGGACTGCCAGTCAT.
Genotyping primers for Gnaq were: GqIN5A, AGGGCCCATGAGGACATGTA; GqNEO, CAAAGTATCACACTCACATCACAG; GqTW36, AGGATCTCGTCGTGACCCAT.
Molecular biology.
Reverse transcription-quantitative PCR (RT-qPCR) using SYBR green fluorescence and Western blotting with infrared image quantification were performed using standard methods, adapted as described (CONCEPCION et al. 2009 ).
Primers for Pitpna were ACACGAGAAAGCCTGGAATG and GTTTATGCACATTCTCCTGG; for Ppig (cyclophilin), GGGACAGGGAAATCAACTCA and CCTCCTCTTCCATTCCCTTC.
Genetic mapping. Microsatellite (SSLP) markers were taken form the MIT mouse map (DIETRICH et al. 1996) , available online http://www.informatics.jax.org/ and http://genome.ucsc.edu/. Development of additional markers, to distinguish A and B6
alleles in a long segment of low divergence on chromosome 10, was guided by segments containing SNP polymorphism in published maps (PLETCHER et al. 2004) .
Informative markers in this interval were D10Bah3, AGGCTCAAGCTTTTGGCTTA and ACGGCCATGACAGGAAGA; and D10Bah6, ATCCCTGGGGAAATCTGCT and TGAATGGGCTTTGGCTGA. Two animals were genotyped twice with each marker and several markers were typed twice independently as quality assurance on the overall data set.
Data analysis. Mapping tools within R/QTL (BROMAN et al. 2003) were used to identify potential genotyping errors. Re-examination and/or replication of initial typing data were used to resolve likely errors. Linkage analysis for survival beyond 42 days as a dichotomous trait was carried out in R/QTL using a non-parametric statistic derived from the Kruskal-Wallace test (BROMAN and SEN 2009; BROMAN et al. 2003) . Linkage analysis for QTL with time-dependence was carried using an enhanced Cox proportional hazard model (EC) as described (JOHANNES 2007) . ANOVA and post hoc Tukey's Honest Significant Difference (HSD) test were performed in R (v. 2.8.1). 
